IntroDuctIon
The proper development of organs requires the synchronized organization and coordinated differentiation of large cell populations. To date, a full appreciation of the molecular and cellular signaling mechanisms that govern cellular behaviors and cell fate decisions remains elusive. The culture of ES cells as a floating cell aggregate in 3D culture has emerged as an effective method for generating complex organs in vitro and a controllable and readily accessible environment for investigating the mechanisms underlying organogenesis 1, 2 . This approach has been used to generate mouse and human cortical tissue, neural retina, liver buds, spermatozoa, intestinal epithelium, anterior pituitary gland tissue and inner ear sensory epithelium [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Moreover, in a 3D culture variant, by using tissue-specific stem cells, the villi of the small intestine and liver tissue can be reconstituted from a single adult stem cell 14, 15 . The key advantage of 3D culture over a monolayer (2D) culture is that the differentiating cells are free to self-organize into epithelia. In a 2D culture, by contrast, the cells adhere to a culture plate; thus, they are restricted to growing on a flat shape. The 3D environment allows cells to develop more naturally, as they would in the embryo.
In this protocol, we describe a 3D culture method for the generation of inner ear sensory epithelia containing hair cells, which display some functional properties of native vestibular hair cells and are innervated by sensory-like neurons (Fig. 1) . To aid the reader in performing the method, we place special emphasis on the proper timing of treatments and the various morphological transformations that take place throughout the differentiation. In addition, we provide instructions on how to prepare the derived tissue for immunohistochemical and electrophysiological analyses.
Induction of the cranial placodes and inner ear during embryogenesis
The conditions described here for inner ear induction were selected on the basis of information gained from studies of mouse, chick, zebrafish and Xenopus ear development. In general, vertebrate inner ear induction begins with the bifurcation of the definitive ectoderm into the non-neural and neural ectoderm. This occurs at approximately embryonic day (E) 6.5-7.5 in mice [16] [17] [18] [19] . Studies in Xenopus, zebrafish and mouse ES cells have shown that bone morphogenetic protein (BMP) signaling is important for ectodermal specification; high BMP signaling induces non-neural ectoderm in the lateral ectoderm, whereas low BMP signaling promotes neural plate formation at the midline [20] [21] [22] [23] [24] [25] . At around E7.5-8, the preplacodal ectoderm develops in the head region of the embryo at the border between the non-neural and neural ectoderm, which is referred to as the preplacodal region (PPR). In vertebrates, attenuation of BMP signaling and concurrent fibroblast growth factor (FGF) signaling is necessary for PPR formation 22, [26] [27] [28] [29] [30] [31] . From approximately E8-9, inductive cues along the anterior-posterior axis act on the PPR to generate cranial placodes 28, 32, 33 . A defining characteristic of each placode-the adenohypophyseal (anterior pituitary gland), olfactory, lens, trigeminal, epibranchial and otic placodes-is a thicker pseudostratified morphology relative to the surrounding non-neural ectoderm 28, 32 . Pax proteins can be used to distinguish placodes along the anterior-posterior axis: Pax6 is expressed in anterior placodes (adenohypophyseal, olfactory and lens), Pax3 is expressed in the trigeminal placode and Pax8 is expressed in posterior placodes (otic and epibranchial) [34] [35] [36] . The otic and epibranchial placodes arise from a broad Pax8 + region known as the otic-epibranchial placode domain (OEPD) 36 . In mice, the OEPD is specified by FGF signaling, which is attributable to Fgf3, Fgf8 and Fgf10 proteins emanating from the underlying mesenchyme and hindbrain region of the neural tube 37, 38 . Further definition of the OEPD entails Wnt activity to specify the otic placode, whereas prolonged FGF signaling and additional BMP signaling specify the epibranchial placodes [39] [40] [41] . Otic specification is denoted by an increase in expression of Pax2 protein 39, 42 . From E8-8.5, the otic placode invaginates into the periotic mesenchyme to form the otic pit. The otic vesicle (also known as the otocyst) is formed when the otic pit pinches off from the surface ectoderm. The non-neural ectoderm surrounding the invaginating otic placode 3D mouse embryonic stem cell culture for generating inner ear organoids gives rise to the epidermis on the surface of the embryo overlaying the developmental inner ear 39 .
The nascent otic vesicle is patterned into a nonsensory and prosensory region by various inductive cues from the surrounding mesenchyme and neural tube 43 . The prosensory region can be characterized by expression of Pax2, Pax8, Sox2 and Jag1 (refs. 43,44) . From E9-10, epithelial cells in the prosensory region either delaminate to become inner-ear sensory neurons or remain in the epithelium to contribute to the sensory epithelia of the vestibular or cochlear organs 45 . During sensory epithelium development, Pax2 and Pax8 are downregulated, but Sox2 and Jag1 expression are maintained 43 . By E12.5 in the vestibule, the sensory epithelia contain supporting cells (cyclin D1 + Sox2 + ) and hair cells (Sox2 + Myo7a + Brn3c + calretinin + ) [46] [47] [48] .
Development of the protocol
Previous studies have shown that mouse pluripotent stem (PS) cells can be dissociated and aggregated into uniformly shaped spheroids in U-bottomed 96-well plates [5] [6] [7] 49 . Culturing aggregates in a serum-free medium containing KnockOut serum replacement (KSR) promotes the development of a neural epithelium. KSR is a defined medium supplement that is optimized to grow PS cells (patent no. WO 98/30679). The efficient differentiation of mouse ES cells into the neural ectoderm in medium containing KSR is thought to be due to the default pathway of neural ectodermal development 49, 50 . KSR does not contain any factors that are important for mesendoderm (e.g., activin, nodal or BMP proteins) or non-neural (BMP proteins) induction. Modifying the signaling factors presented to the neural epithelium can induce specific regions of the forebrain, midbrain and hindbrain. Until recently, developing neuroepithelia within these cultures took the form of dispersed epithelial vesicles embedded in unorganized tissue. In a critical evolution of the method, Eiraku et al. 5 demonstrated that extracellular matrix proteins (i.e., in the form of Matrigel) could be added to the culture medium to promote the development of a basement membrane on the surface of the aggregate. With the structural support, the entire surface layer of cells self-organizes into a neural epithelium after 5 d in culture. These aggregates spontaneously developed into optic cups, which gave rise to complete neural retinas in ~18-20 d. This work provided the proof of principle that organogenesis of complex sensory organs could occur in vitro.
The aforementioned studies were successful at deriving mature neural ectoderm tissues; however, the cranial placodes-including the otic placode-are derived from the non-neural ectoderm. Suga et al. 9 recently demonstrated that by increasing the size of the aggregate a non-neural ectoderm layer spontaneously arises on the surface of the cell aggregates, leaving a neural layer underneath. Mimicking in vivo non-neural induction, their data suggest that endogenous BMP signaling probably mediates this process in 3D culture; however, the precise signaling mechanisms are unclear. By using a sonic hedgehog agonist, they demonstrated sequential induction of adenohypophyseal placodes, vesicles and functional anterior pituitary tissue from the non-neural epithelium. This result revealed that placode morphogenesis could be recapitulated in 3D culture. Specifically, placodal invagination and vesicle formation, two crucial morphological steps in both anterior pituitary and inner ear development, were well preserved in the culture system.
In our recent study 3 , we garnered greater control over the non-neural induction process by treating smaller, Matrigelconditioned, aggregates with BMP4. The timing of BMP4 treatment (day 3) was crucial; the surface layer of cells needed time to organize into an epithelium and to commit to an ectodermal fate. By day 5, cells on the surface layer became committed to a neural Step(s) Cell fate transitions and key structures epithelium fate that could not be reversed by BMP4 treatment. We also demonstrated that TGF-β signaling must be inhibited for proper non-neural induction in 3D culture. We treated aggregates with a combination of BMP4 and a TGF-β inhibitor (SB). TGF-β inhibition led to a reduction in the number of brachyury-positive mesendoderm-like cells following BMP4 treatment. This effect is consistent with the well-known role of TGF-β signaling in mesoderm induction, as well as previous demonstrations that TGF-β inhibition promotes ectoderm differentiation from ES cells [51] [52] [53] .
From embryo studies, we knew that BMP signaling-although necessary for non-neural induction-needed to be attenuated for preplacodal induction 22, 28, 32 . By our estimation, 24-48 h elapses between non-neural and preplacodal induction in the mouse embryo; thus, we added a BMP inhibitor LDN-193189 (LDN) to the medium between days 4 and 5 after BMP/SB treatment. FGF signaling is also important for preplacodal induction. When we performed a combined treatment of FGF2 and LDN (FGF/LDN), the outer epithelium developed a placode-like morphology and expressed several marker proteins of the preplacodal ectoderm, including Six1, Tfap2a (also known as AP2) and Gata3 (ref.
3). At day 6 of differentiation, patches of cells in the outer epithelium began to express Pax8, which is a sign of OEPD development. This level of specificity was unexpected because BMP inhibition and FGF signaling are necessary for the development of the entire PPR, not just the OEPD 28 . One explanation may be that FGF2 and insulin found in the KSR have a synergistic caudalizing effect on the tissue; this phenomenon was previously observed while deriving caudal portions of the brain in 3D culture 54 . We placed aggregates with Pax8-positive cells in a minimal medium known to support self-organizing tissues, to test whether OEPD epithelium developed into otic vesicles. Under these conditions, the OEPD epithelium gave rise to vesicles containing Pax2 + Pax8 + Sox2 + and Jag1 + cells, reminiscent of prosensory cells in the otic vesicle 44, 55, 56 . By treating aggregates with a potent Wnt inhibitor, we discovered that endogenous Wnt activity was involved in the process of vesicle production; Wnt inhibitor-treated aggregates produced few otic vesicles. With no additional treatments, aside from medium changes, cells in the epithelia of otic vesicles developed into hair cells and supporting cells. The derived hair cells expressed Myo7a, Brn3c, calretinin, Sox2 and Pax2, denoting a vestibular hair cell identity 47, 48, 57, 58 . This conclusion was further reinforced by the presence of pointed stereocilia bundles and elongated kinocilia with the length of greater than 10 µm (refs. 3, 59) . Moreover, the hair cells were spatially organized into clusters seen in the vestibular end organs, rather than in rows of hair cells in the organ of Corti of the cochlea. Quantitative analysis revealed that ~1,500 hair cells developed in each cell aggregate by day 20 of differentiation 3 .
We also consistently observed the development of sensory neuron-like cells that arose in discrete groups alongside the vestibular sensory epithelia 3 . We observed βIII-tubulin-(encoded by Tubb3) and neurofilament-positive cells extending their processes toward hair cells, and analysis of synaptic proteins confirmed the presence of synapse-associated proteins on the basal end of hair cells. CtBP2-positive puncta, whose number increased over time in culture, suggested the development of ribbon synapses in stem cell-derived hair cells. More extensive analysis, such as transmission electron microscopy and electrophysiological recording from button afferents, will be needed to confirm whether the synapselike structures truly represent functional ribbon synapses. [60] [61] [62] [63] . Of note, Oshima et al. 61 provided the first demonstration that functional inner ear hair cells could be derived from ES and iPS cells. The hair cells that they derived had stereocilia and a kinocilium with similar architecture to native vestibular hair cells, expressed many hair cell-associated markers and were shown to be mechanosensitive. They used FBS, insulin-like growth factor-1, Dkk1 (a Wnt signaling inhibitor) and SIS3 (a Smad3 inhibitor), followed by FGF2 treatment to stimulate otic progenitor development in stem cell aggregates. For these otic progenitors to develop into hair cell-like cells, however, they had to be plated on a mitotically inactivated layer of chicken utricle cells 61 . The need for exogenous tissue may limit the routine use of this method. Moreover, the efficiency of hair cell induction was low, accounting for only ~1-2% of the total population of cells. Stereocilia bundles with a kinocilium have not been observed in a completely monolayer format (i.e., without exogenous supporting/stromal cells). Notably, Ouji et al. 62, 64 recently reported two methods to produce Myo7a-positive cells from stem cells in a monolayer format. They observed F actinpositive protrusions from the cells reminiscent of hair bundles; however, individual stereocilia were not visible, and they did not report whether a kinocilium was present. Consequently, it is unclear whether the hair cell-like cells can attain the proper morphology under the conditions described by Ouji et al. 62, 64 . The method described here is advantageous because it does not require exogenous tissue and undefined medium components, and it generates inner ear sensory epithelia that seem to be structurally and physiologically comparable to native vestibular sensory epithelium. The average number of ~1,500 hair cells produced per aggregate-based on the analysis of four separate experiments-is notable considering that each adult mouse inner ear contains ~30,000 hair cells (i.e., in both the vestibule and cochlea combined) 65 . Thus, ~20 aggregates provide a comparable number of hair cells to the entire inner ear.
Comparison with other methods

Several methods for generating inner ear cells from PS cells have been developed in recent years
Future applications
Investigating the signaling mechanisms and gene regulatory networks underlying non-neural, preplacodal and inner-ear induction in mouse embryos is challenging; mouse embryos are inaccessible in vivo and cannot be maintained ex vivo for more than 2 d. Moreover, it is difficult to collect the large amount of embryonic tissue that is needed to perform biochemical analyses such as chromatin immunoprecipitation. The described 3D culture system addresses these issues because it is accessible and the derived tissues are highly representative of their embryonic counterparts. We routinely perform experiments involving 200-400 aggregates, yet the method can be easily scaled to produce more aggregates. For larger-scale experiments, a researcher should be able to simultaneously maintain ≥20 96-well plates totaling ~2,000 aggregates. Further increases in scale may be attainable with automation. Besides studying early otic placode induction, this culture system can be used to evaluate hair cell and inner ear sensory neuron development, as well as hair cell-sensory neuron synaptogenesis. In addition, recent advances in gene targeting technology may also be applied to this culture model to knock out and knock in genes to study inner-ear phenotypes 66, 67 . The 20-30-d, all in vitro, format is a quick and cost-effective alternative to generating an entire mouse line if inner ear analysis is all that is desired. The 3D culture system may also be suitable for mid-to-high-throughput drug screening to uncover novel compounds with regenerative or toxic effects on inner ear sensory epithelia; however, several of the limitations discussed in the next section will need to be addressed to make the system more amenable to high-throughput applications. In addition, translation of our findings to human ES cells or iPS cells will be crucial for potential applications in cellular therapies for vestibular disorders or hearing loss.
Limitations
Heterogeneity is both an advantage and a limitation of this 3D culture system. Unlike a monolayer format, cells in an aggregate receive varying concentrations of signaling cues depending on their spatial location within the aggregate. This often leads to unsynchronized differentiation of cells located at different depths of the aggregate; cells in the surface layer differentiate faster than those in the core. In our system, BMP4 signaling induces a nonneural ectoderm surface layer, as well as brachyury + mesendodermal cells, in the central core of the aggregate. BMP4 is known to induce mesendodermal cells from PS cells. Cells in the central core express the pluripotency protein Nanog through day 3 of differentiation; thus, BMP4 probably diffuses through the surface layer of the aggregates to act on these pluripotent cells. This cell layer gives rise to mesenchyme-like cells that eventually cover the surface of the aggregates and give rise to muscle, cartilage and adipose 3 . The presence of these cell types does not appear to encumber, and it may have an essential role in, otic induction. Indeed, the periotic mesenchyme in vivo is an integral component of innerear morphogenesis 68 . Because of this heterogeneity, however, the method would benefit from the use of fluorescent reporter PS cell lines to help identify key phenotypic changes. Specifically, PS cells containing fluorescently tagged marker genes for non-neural, preplacodal, otic prosensory cells, hair cells, supporting cells and inner ear neurons would be highly amenable to this method. Most notably, incorporation of reporter cell lines would facilitate FACS analysis of key inner ear cell types. Another limitation is that the method only produces vestibular sensory organ-like structures. Further modifications to the protocol will be needed to investigate induction and differentiation of cochlear cell types.
Experimental design ES cell culture in leukemia inhibitory factor-2i medium (before Step 1). We maintain our ES cells in leukemia inhibitory factor (LIF)-2i medium because we have observed considerably less spontaneous differentiation under these conditions compared with FBS-or FCS-based culture medium. LIF-2i medium has been shown to restrict ES cells to a naive state of pluripotency; therefore, it ensures a homogeneous population of undifferentiated cells 69 . If acclimating ES cells grown under different conditions (e.g., in medium containing FBS or FCS) from LIF-2i medium is required, we recommend passaging the cells 5-10 times before beginning a differentiation experiment to ensure that the cell population is homogeneous. We typically passage the cells two or three times after thawing but before beginning a differentiation experiment. ES cells should be ~80% confluent before passaging or starting a differentiation experiment.
Non-neural and preplacedal induction (Steps 1-31).
To start ectodermal differentiation, ES cells are dissociated and distributed, 3,000 cells per well, onto 96-well plates. The medium contains 1.5% KSR (vol/vol), which has been previously shown to be optimal for generating neural retinas 5 . This concentration also appears to be optimal for preplacodal induction, as higher concentrations seem to prohibit proper epithelium development. Matrigel, which contains extracellular matrix proteins such as laminin and entactin, should be added on day 1 at a final concentration of 2% (vol/vol; Fig. 2) . We recommend using the growth factor-reduced Matrigel. If a more defined medium composition is desired, a recent report suggests that a purified laminin/entactin complex can be used to replace Matrigel 10 . Similarly, we have used Geltrex (Gibco; cat. no. A1413202) with comparable results to Matrigel. With an optimal composition of extracellular matrix proteins, an epithelium should appear by day 3 (Fig. 2c) , at which point BMP4 and the TGF-β inhibitor SB are added to the culture medium. When you are attempting the protocol for the first time, we recommend performing several control treatments. At the least, set aside eight aggregates (i.e., one vertical column) for each of these treatments: untreated control, BMP, SB, BMP/SB, BMP/SB-FGF, BMP/SB-LDN and BMP/SB-FGF/LDN. We suspect that the optimal timing of treatments may vary slightly between ES cell lines. In our experience, the timing of FGF/LDN treatment is crucial, and it should be varied between days 4 and 5 to optimize the culture. In our previous publication 3 , we used a powder form of LDN diluted in DMSO at a working concentration of 100 nM LDN; however, lot-to-lot variability was a recurrent issue. We now recommend using a pre-diluted version of LDN at a higher working concentration of 1 µM. The outer epithelium of BMP/SB-FGF/LDN-treated aggregates should thicken and express Pax8 by days 6-8 (Figs. 3 and 4) .
Otic prosensory vesicle formation and hair cell induction (Steps 32-39). We describe two formats for long-term culture: 96-and 24-well formats. Although it is more labor-intensive, the 96-well format may be advantageous for analyses requiring the tracking of individual aggregates for the duration of the culture. To initiate self-organized development of otic vesicles, day 8 aggregates are transferred into a minimal medium containing DMEM/F12 and N2 supplement. The inner core of mesodermal and neural cells should migrate out to cover the surface of the aggregate (Fig. 5) . Pax2 + Pax8 + vesicles should evaginate from the OEPD epithelium into this layer of cells between days 8 and 12 (Fig. 6) . By days 12-14, otic vesicles should express the prosensory markers Sox2 and Jag1 (Fig. 6c) . Vesicles should also express Myo7a in a diffuse pattern similar to the developing otic vesicle in vivo 3 .
Hair cells, denoted by an elongated morphology and Myo7a, Brn3c, Sox2, Pax2 and calretinin expression, should arise within the otic vesicle epithelia between days 14 and 16 ( Fig. 6e-h) . The luminal surface of the sensory epithelia should have strong F-actin bands indicative of cell-cell tight junctions (Fig. 6f) . Supporting cell nuclei are positioned basal to the hair cell nuclei in the epithelium, and they can be identified by expression of Sox2 and cyclin D1 (Fig. 6g,k,l) 3 .
Inner-ear organoid formation (Step 39).
Between days 12 and 20, some vesicles become visible along the outer edge of the aggregates. We recommend monitoring these vesicles daily to see that they grow in size over time. By days 20-24, ~10-20% of aggregates should have produced vesicles that are 200-1,500 µm in diameter, that protrude from the aggregate surface and that contain sensory regions with numerous hair cells and nonsensory regions without hair cells (hereafter these structures will be referred to as inner-ear organoids; Figs. 6i-l and 7). Protruding organoid formation appears to be highly sensitive to culture technique, proper manipulation and careful preparation of media throughout the protocol. Moreover, organoids are observed only on the outer surface of aggregates, suggesting that proper orientation of an otic vesicle is a necessary prerequisite to later organoid development. For instance, in the 24-well culture format, we have never seen organoid development at the interface of two conjoined aggregates; thus, we only culture 1-3 aggregates per well to maximize the surface area available for organoids to emerge. We recommend using protruding organoid development as a benchmark for proper execution of the protocol and health of the culture. We typically culture aggregates for no more than 30 days; however, longer culture is feasible. For long-term culture (>30 d), we recommend changing half of the medium daily and limiting the amount of time the plates remain outside of the incubator to ensure optimal health of the tissue.
Endpoint analysis (Step 40). We describe how to fix aggregates for immunohistochemical analysis (options A and B) and how to prepare samples for electrophysiological recordings (option C).
We describe an approach for the preparation of aggregates for immunostaining in a cryosection (option A) and whole-mount format (option B) that is suitable for fixing samples at any time point during the procedure. Owing to their small size, it is important to carefully handle aggregates that are collected between days 1 and 8 throughout the fixation and embedding process; aggregates are easily lost during this process. Imaging the aggregates in a whole-mount format can be challenging owing to the need to rotate the aggregate to reveal structures of interest. We have developed a custom imaging chamber system that is effective at preparing aggregates for imaging (Supplementary Fig. 1 ). In addition, we describe an adapted version of a protocol that is used to isolate and prepare rodent utricles for electrophysiology experiments (option C). This technique can be used to isolate, dissect and position organoids for single-cell electrophysiological analyses (Fig. 7) . For this method, there is an optional dispase treatment that helps break up the mesenchymal cells in the aggregate and greatly shortens the time it takes to liberate organoids from the aggregate. Dispase may disrupt certain structural components of the hair cell stereocilia; thus, depending on the endpoint analysis, it may be necessary to omit dispase treatment. Note that labeling the hair cells with a styryl dye such as FM1-43 or using a cell line with a hair cell-specific fluorescent reporter could improve the success of this dissection. After dissection, we have cultured isolated epithelium for up to 5-6 h while performing electrophysiology. If long-term isolated culture of epithelia is desired, on the basis of previous studies of utricle explants, it is likely that dissected epithelia can be maintained for ≥10 d under the right culture conditions 70 .
• 
LIF-2i ES cell maintenance medium
To prepare 100 ml of basal LIF-2i medium, combine 48.75 ml of DMEM/F12, 48.75 ml of Neurobasal medium, 1 ml of B27 supplement, 500 µl of N2 supplement and 1 ml of GlutaMax in a sterile 250-ml bottle. This medium can be used for 3-4 weeks. Prepare complete LIF-2i medium immediately before use by adding 100 µl of penicillin-streptomycin, 10 µl of LIF, 1 µl of PD-0325901 and 3 µl of CHIR99021 to 10 ml of the basal LIF-2i medium. Complete LIF-2i medium can be used for up to 1 week at 4 °C.  crItIcal It is important to use B27 that does not contain vitamin A for ES cell culture. Vitamin A can be converted into retinoic acid in culture and can cause spontaneous neural induction. Serial passaging can eliminate any neuronal cells that may arise while adapting ES cells to LIF-2i medium. Ectodermal differentiation medium To prepare 100 ml of ectodermal differentiation medium, combine 95.5 ml of GMEM, 1.5 ml of KSR, 1 ml of sodium pyruvate, 1 ml of non-essential amino acids, 1 ml of penicillinstreptomycin and 180 µl of 2-mercaptoethanol in a sterile 250-ml bottle.
Complete ectodermal differentiation medium should be used for the duration of one experiment or 1 week at 4 °C. Adjust the volume of the medium made up according to the number of 96-well plates being seeded with ES cells. We typically make 40-50 ml for two 96-well plates and use the same medium for the Matrigel, BMP/SB and FGF/LDN treatments. Maturation medium To prepare 100 ml of maturation medium, combine 97.9 ml of advanced DMEM/F12, 1 ml of N2 supplement, 1 ml of GlutaMax and 100 µl of normocin in a sterile 250-ml bottle. Complete maturation medium can be used for up to 2 weeks if it is stored at 4 °C.  crItIcal During the maturation phase of the culture, penicillinstreptomycin should be replaced with normocin, which does not contain aminoglycosides. Aminoglycosides such as streptomycin are toxic to inner ear hair cells 71 . Ampicillin would be another suitable alternative.
• Partially cured MDX4-4210 silicone elastomer In a bacterial culture dish, stir together part A and part B of the MDX4-4210 silicone elastomer at a 1:5 ratio by using a handheld P1000 pipette tip. The mixture should have a viscous paste-like consistency when it is properly mixed. Use the P1000 tip to trowel ~500 µl of the mixture into 1.5-ml Eppendorf tubes. Aliquots can be stored at −20 °C indefinitely until needed. EQUIPMENT SETUP Wide-mouth P1000 tips Use scissors to cut ~2 mm off the ends of the P1000 tips. We typically cut the tips of an entire box of 96 tips, and then autoclave the box to sterilize the tips. Whole-aggregate imaging chamber This is a modified version of a previously described imaging chamber 72 . Here we have optimized the chamber to allow for imaging through either side of the chamber (Supplementary Fig. 1 ). Remove the adhesive backing from a 1-2-mm deep silicone isolator and place it firmly onto a 24 × 50 cover glass. Use forceps to remove the protective cover from the top of the silicone isolator.
The chamber is now ready to be loaded with a sample. After loading the sample, place a 25 × 25 cover glass on top of the silicone isolator to complete the chamber. If desired, forceps can be used to separate the top cover glass in order to remove the sample. Chambers can be reused several times if the silicone isolator is gently cleaned with water between uses and kept free of debris. Multiple samples can be loaded into one chamber, or multichamber silicone isolators can be used to separate the samples. Cover glass sensory epithelium holder Cut one minutien pin in half to obtain two properly sized minutien pins for making the holder. Use a handheld P1000 pipette tip to place a droplet of silicone elastomer onto a 15-mm cover glass in an off-center position. Use no. 5 forceps to embed one end of the minutien pins into the silicone droplet so that the other ends converge on the center of the cover glass. Position the pins so that a 500-1,500-µm gap is present between each end; the epithelium will be held in place between these two ends. Epithelia sizes vary, so we recommend making a variety of epithelium holders with different-sized gaps. Use forceps to flatten the pins against the cover glass. Place the epithelium holder directly on the surface of a >100 °C hot plate for 5-10 min to cure the silicone elastomer. Holders can be stored at RT in a bacterial culture dish indefinitely. Before use, place a droplet of 10% (vol/vol) Matrigel in DMEM/F12 on the holder and incubate it at 37 °C for 1 h.
proceDure es cell maintenance and passaging • tIMInG 30 min 1| In a biosafety cabinet, coat a 60-mm culture plate with 2 ml of 0.1% (wt/vol) gelatin. Leave it for 20 min, and in the meantime proceed to Step 2.
2|
Warm at least 1 ml of 0.25% (wt/vol) trypsin-EDTA and 20 ml of LIF-2i medium in a 37 °C water bath.
3|
To begin dissociation of the 80% confluent ES cells, aspirate the spent LIF-2i medium and wash once with PBS.
4|
Add 400 µl of 0.25% (wt/vol) trypsin-EDTA and incubate the cells at RT for ~1-2 min. After 30 s, shake the plate horizontally to break up the cells. Under a microscope, confirm that the cells have rounded and are detached from the surface of the plate.
5|
Collect the dissociated cells into 1 ml of LIF-2i medium and transfer the cells to a 2-ml microcentrifuge tube.
6|
Triturate the cells by using a P1000 tip to break up clumps into single cells.  crItIcal step Care should be taken to not introduce air bubbles into the medium.
7|
Centrifuge the cells for 2-5 min at 200g at RT.
8|
While the cell suspension is in the centrifuge, aspirate the 0.1% (wt/vol) gelatin from the 60-mm plate from Step 1. Leave the plate for ~5 min to dry.
9|
Discard the supernatant and resuspend the cells from Step 7 in 1 ml of LIF-2i medium. 
13|
Collect the dissociated cells into 1 ml of ectodermal differentiation medium and transfer them into a 2-ml microcentrifuge tube.
14|
Break the cell clumps into single cells by pipetting with a P1000 tip. Pellet the cells by centrifugation at 200g for 2-5 min at RT.
15|
Completely remove the supernatant and resuspend the cell pellet in 1 ml of ectodermal differentiation medium.
16|
Forcefully pipette 1 ml of fresh ectodermal differentiation medium through a cell-strainer-top test tube to prime the strainer. Pipette the 1 ml of ES cell suspension dropwise onto the cell strainer. Next, pipette 1 ml of fresh ectodermal differentiation medium dropwise onto the cell strainer. There should be 3 ml in the test tube.  crItIcal step This step is important for ensuring that the cells are completely dissociated into single cells.
17|
Mix the cell suspension by pipetting with a P1000 tip, and then determine the concentration of cells with a hemocytometer.
18| Dilute the appropriate volume of cell suspension in 22 ml of fresh ectodermal differentiation medium to acquire a final concentration of 30,000 cells per ml (i.e., 6.6 × 10 5 total cells). For example, if the cell suspension contains 1 × 10 6 cells per ml, dilute 0.66 ml of cell suspension (6.6 × 10 5 divided by 1 × 10 6 ) in 21.34 ml of ectodermal differentiation medium. Invert the tube several times to mix.
19|
Pour the cell suspension into a reservoir and aliquot 100 µl of cell suspension into each well of two 96-well plates with a multichannel pipette.
20|
Place the plates in a 37 °C incubator with 5.0% CO 2 for 24 h.
Differentiation day 1: addition of Matrigel
• tIMInG 30 min 21| Mix 10.56 ml of ectodermal differentiation medium with 440 µl of Matrigel to make 11 ml of complete medium.  crItIcal step Keep the medium and Matrigel on ice or in a 4 °C refrigerator immediately before mixing. Matrigel will become gelatinous at temperatures above 15 °C. It is important to work quickly and to hold the medium up to a light to see that the Matrigel is properly mixed.
22|
Warm the ectodermal differentiation medium containing Matrigel in a 37 °C water bath.
23| By holding the multichannel pipette at an angle, carefully remove 50 µl of medium from each well of the plate from
Step 20 so that the cell aggregate at the bottom of the well remains undisturbed.
24| Add 50 µl of the ectodermal differentiation medium containing Matrigel to each well. Note that the final concentration of Matrigel is 2% (vol/vol).
25|
Mix by pipetting 4-6 times. Return the plates to the incubator for 48 h.
Differentiation day 3: addition of bMp4 and sb-431542 (bMp/sb) • tIMInG 30 min 26| Prepare an appropriate amount of ectodermal differentiation medium for each experimental condition. Typically, 6 ml is sufficient for two 96-well plates.
27| Add BMP4 and SB to the ectodermal differentiation medium at a 5× concentration. For 6 ml, add 3 µl of BMP4 and 3 µl of SB (i.e., 0.5 µl/1 ml). Step 40A, preparation of aggregates for imaging-cryosections: 1 week
28|
Step 40B, preparation of aggregates for imaging-whole mount: 2 week
Step 40C, preparation of sensory epithelia for electrophysiological recordings: 1-2 h
antIcIpateD results
For reproducible results, we have found that it is absolutely crucial to use fresh medium and well-preserved small-molecule and recombinant protein stocks for each experiment. In addition, to reduce the time for performing each manipulation of the aggregates, we advise only running two or three 96-well plates per experiment until the protocol is mastered. With experience, the various morphological changes can be readily identified under a light microscope. With proper dissociation, counting and pipetting, we have found that cell aggregates are 250-270 µm in diameter 24 h after plating (i.e., at the time of Matrigel addition). As a quality control measure, we check to see that there is minimal debris floating around the aggregates (i.e., denoting cellular death) and that the average aggregate diameter across all 96-well plates has a s.d. of ≤5 µm (Fig. 2a) . After another 48 h of culture (day 3), the aggregates should roughly double in size to 480-500 µm in diameter, and a translucent epithelium should be visible on the surface of the aggregate (Fig. 2c) . Our previous data suggest that this epithelium is representative of the definitive ectoderm because it expresses E-cadherin and does not express the neural marker Sox1, the mesendodermal marker brachyury or the pluripotency marker Nanog 3 . After BMP/SB treatment on day 3, AP2 expression can be seen in the outer epithelium beginning on day 4. If the FGF/LDN treatment timing is optimal, on day 6 of differentiation, the outer epithelium should appear to thicken (~30 µm apparent thickness) relative to the epithelium of aggregates treated with BMP/SB alone (~15 µm apparent thickness). We also observe a distinctive ruffling of the outer epithelium (Fig. 3) . Over the next 24-36 h, these morphological characteristics become more apparent, and they should be quite obvious if the experiment was performed correctly. Between days 6 and 8, patches of Pax8 + E-cadherin (Ecad) + epithelium are visible in the outer epithelium, indicating the development of OEPD tissue (Fig. 4) .
Upon transfer to the maturation medium (days 8-11), the aggregates lose discernible morphological features as the inner core cells migrate to the surface and cover the outer epithelium (Fig. 5a) . By day 12, however, in properly treated and manipulated aggregates, the core of the aggregate should become partially translucent, indicating the evacuation of the inner core cells; the size of each aggregate should be ~1.5-2 mm. It is common for aggregates to conjoin to one another after day 12 of the culture if they are not cultured individually. In addition, by day 12, vesicles should be visible by looking along the edges of the aggregates or at the translucent central region of the aggregate (Fig. 6a-d) . To have confidence that an experiment was performed correctly, we recommend checking to see that at least 10% of the aggregates have vesicles overtly visible under a light microscope by days 12-14. Immunohistochemical analysis should be performed to assess the true number of vesicles generated, which should be in the range of 15-25 vesicles per aggregate. On day 12, vesicles display a wide range of intraluminal diameters from 1 to 100 µm. Two organoid variants should develop during days 14-30: embedded and protruding (Figs. 6e-l and 7b-d) . The majority of the organoids containing hair cells will remain embedded in the tissue for the duration of the culture. These are difficult to see with the naked eye; however, protruding organoids are readily apparent. In total, we normally see that 3-6 organoids develop from the original group of vesicles per aggregate by day 20. Protruding organoids should be visible in ~15% of the aggregates.
